The purpose of this study is to characterize the relationship between organic material and thermal maturity during the process of evaluation of hydrocarbon potential. Samples studied include Miocene high volatile bituminous coal and coaly shale collected from outcrops and exploration wells in Hsinchu-Miaoli area, NW Taiwan, density centrifuge separated macerals, bituminous coal and anthracite from China, in addition to Woodford and Green River oil shale from the United States. Maceral composition analysis, elemental analysis, vitrinite reflectance measurement and Rock-Eval pyrolysis were performed for evaluation. The results of study show that: 1) coal samples from the Shiti Formation (middle Miocene) exhibit more vitrinite and less mineral matter contents than samples from the Nanchuang Formation (upper Miocene); H% is increased in exinite-enriched maceral mixtures with density < 1.25 g cm -3 , after density centrifuge separation. 2) A positive linear correlation between Tmax and Ro illustrates both Rock-Eval pyrolysis and vitrinite reflectance can be used as indicators of thermal maturity. 3) From the plot of H/C ratio vs. vitrinite reflectance, even though the depositional environments were different in Taiwan and China, their organic micelles exhibit a similar trend in the process of thermal maturation. As a whole, the curve has a turning point at Ro = 0.5% and H/C = 0.1 (atomic ratio 1.2) in this study. 4) A rather good correlation between S2 and TOC of samples studied indicates the contribution of S2 from TOC. 5) The highest HI occurred in certain maturities (Tmax and Ro) of samples studied, and not in the stages of less maturity or over-maturity. 6) Two different linear trends were observed in the cross plot of S1 vs. S2. Field outcropped shale or C-shale exhibits a steeper slope compared to that of coal samples which can be attributed to the compositional difference in their organic material. 7) A rather strong positive correlation for H% vs. S2 illustrates the contribution of H-containing macerals, especially exinite. As a result of this study, we expect to promote evaluation techniques for HC exploration; for instance, the development or improvement of evaluation methods for source rocks, reservoirs, structural evolution, and thermal maturity. Evaluations are expected to give more detail regarding local conditions, and be better quantified and more accurate.
INTRODUCTION
Evaluation of hydrocarbon potential is one of the most important aspects of oil exploration (Dow 1974) . Its precision relates to the prediction of locations and reserves of prospect areas and the outcome of exploration projects (Magoon and Dow 1994) . A hydrocarbon reserve can be generated by a proper combination of good source rock, depositional and tectonic structures, and thermal maturation (Otis and Schneidermann 1997) . Therefore, "Material" and "Maturity" (M & M) of the hydrocarbon are the two important topics in evaluation.
The purpose of this study is to characterize the relationships between organic material and thermal maturity. 42 samples studied include Miocene high volatile bituminous Terr. Atmos. Ocean. Sci., Vol. 19, No. 5, 489-495, October 2008 doi: 10.3319/TAO.2008 coal and coaly shale plus kerogen and organic matters recovered from exploration wells in NW Taiwan, coal samples (aged from Devonian to Tertiary) from China, Green River (Eocene) and Woodford shale (Permian) from the USA, in addition to maceral mixtures prepared by density centrifuge separation of ZnCl 2 solution as proposed by Dormans et al. (1957) . Maceral composition analysis, elemental analysis, vitrinite reflectance measurement and Rock-Eval pyrolysis were performed to evaluate the characteristics of organic materials and maturities.
LITERATURE REVIEW OF LOCAL GEOLOGIC SETTINGS
Taiwan is located in an active arc-continent collision zone between the Eurasian Plate and Philippine Sea Plate. The so-called Penglai Orogeny starting from Plio-Pleistocene led to the lifting of the Central Mountain Range and the exposure of small-sized hydrocarbon fields, especially on the northwestern part of the Western Foothills Belt of Taiwan. Three coal-containing cyclothems occurred in Miocene formations, namely the Nanchuang Formation, Shiti Formation and Mushan Formation, respectively from top to bottom. Various methods have been developed for oil and gas exploration in the past, such as thermal studies (Lin 2000) , basin analyses (Chi et al. 1987) , and tectonic structure studies (Hwang and Wang 1993) . Chiu (1972 Chiu ( , 1975 finished a detailed Miocene stratigraphic study in westerncentral Taiwan. Afterwards, a Cenozoic basin study of offshore Taiwan was done by Sun (1982 Sun ( , 1985 . In addition, Liou and Hsu (1988) followed by Hsiao et al. (1991) completed thorough studies on the evaluation of hydrocarbon potential. Furthermore, Huang (1984 Huang ( , 1986 ) combined paleontology, stratigraphy and geodynamics to improve the understanding of local geologic settings.
METHODS
The material study starts from the collection of coal samples with maturity close to the early oil window, various maceral groups were then prepared by using density centrifuge separation. Rock-Eval pyrolysis and elemental (N, C, S, and H) analysis were then performed to evaluate the relationship between hydrocarbon potential and maceral composition. Secondly, for the collections of kerogen or organic matter having the same maturity but different hydrocarbon potentials, the maceral compositions were compared with the results of their pyrolysis and elemental analysis, so as to study the mechanism of hydrocarbon generation.
Furthermore, a maturity study was performed on the collections of coal or kerogen samples that showed maturity within the oil window and the relationship among their vitrinite reflectance and Rock-Eval pyrolysis were studied.
Maceral analysis and vitrinite reflectance measurements were performed on polished pellets using a Leitz MPV Compact Microscope, whereas elemental analysis and Rock-Eval pyrolysis were performed in the Precise Instrument Center of National Science Council and EDRI of Taiwan Chinese Petroleum Corp., respectively.
RESULTS
The analytic results of maceral composition, elemental (N, C, S, and H) composition, vitrinite reflectance and Rock-Eval pyrolysis from the 42 samples studied are listed in Table 1 . Coal samples from the Shiti Formation (middle Miocene) exhibit more vitrinite and less mineral matter contents than samples from the Nanchuang Formation (upper Miocene). In addition, H% is increased in exinite-enriched maceral mixtures with density < 1.25 g cm -3 , after density centrifuge separation. Most of the vitrinite reflectance measured falls in the range of 0.3~0.7%, close to the early oil window.
Furthermore, a positive linear correlation between Tmax and Ro can be found (Fig. 1) , which illustrates both Rock-Eval pyrolysis and vitrinite reflectance can be used as indicators of thermal maturity. In addition, plotting a curve with H/C ratio vs. vitrinite reflectance (Fig. 2) , we found that even though the depositional environments were different in Taiwan and China, their organic micelles exhibit a similar trend in the process of thermal maturation. As a whole, the curve has a turning point at Ro = 0.5% and H/C = 0.1 (atomic ratio 1.2) in this study.
After Person's correlation analysis, not surprisingly, TOC vs C exhibits a strong positive correlation, whereas TOC vs MM, Vitrinite vs MM, and C vs MM exhibit a strong negative correlation. More cross plots of note are further discussed as follows: A rather good correlation between S2 and TOC (Fig. 3) indicates the contribution of S2 from TOC. Both Figs. 4 and 5 illustrate that the highest HI occurs at certain maturities (Tmax and Ro), and does not occur in stages of less maturity or over-maturity. Furthermore, two different trends were observed in the cross plot of S1 vs. S2 (Fig. 6) . Generally, field outcropped shale or C-shale exhibits a steeper slope compared to that of coal samples which can be attributed to the compositional difference in organic material. As for the plot of HI vs. TOC (Fig. 7) , no significant trend can be found, although the Green River and Woodford oil shale from the U.S. exhibit the highest HI with notso-much TOC contents. Finally, a rather strong positive correlation of H% vs. S2 was found in Fig. 8 , which illustrates the contribution of H-containing macerals, especially exinite. Fig. 1 . The linear correlation between Tmax and Ro% in the samples studied. Fig. 2 . H/C ratio vs. vitrinite reflectance curve of samples from China (+) and Taiwan (¨). Even though the depositional environments were different, their organic micelles exhibit a similar trend in the process of maturation. As a whole, the curve has a turning point at Ro = 0.5% and H/C = 0.1 (atomic ratio 1.2). 
CONCLUSION
(1) Coal samples from the Shiti Formation (middle Miocene) exhibit more vitrinite and less mineral matter contents than samples from the Nanchuang Formation (upper Miocene). In addition, H% is increased in exiniteenriched maceral mixtures with density < 1.25 g cm -3 , after density centrifuge separation.
(2) A positive linear correlation between Tmax and Ro illustrates both Rock-Eval pyrolysis and vitrinite reflectance can be used as indicators of thermal maturity. (3) From the plot of H/C ratio vs. vitrinite reflectance, even though the depositional environments were different in Taiwan and China, their organic micelles exhibit a similar trend in the process of thermal maturation. As a whole, the curve has a turning point at Ro = 0.5% and H/C = 0.1 (atomic ratio 1.2) in this study. (4) A rather good correlation between S2 and TOC of samples studied indicates the contribution of S2 from TOC. (5) The highest HI occurred in certain maturities (Tmax and Ro) of samples studied, and not in the stages of less maturity or over-maturity. (6) Two different linear trends were observed in the cross plot of S1 vs. S2. Field outcropped shale or C-shale exhibits a steeper slope compared to that of coal samples which can be attributed to the compositional difference in their organic material. (7) A rather strong positive correlation of H% vs. S2 illustrates the contribution of H-containing macerals, especially exinite.
As a result of this study, we expect to promote evaluation techniques for HC exploration; for instance, the development or improvement of evaluation methods for source rocks, reservoirs, structural evolution, and thermal maturity. Evaluations are expected to give more detail on local conditions, and be better quantified and more accurate. Fig. 6 . Correlation between S1 and S2 of samples studied. Two linear trends with positive slope can be observed; black lines and red lines were drawn from C-shale samples and coal samples, respectively. 
